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PROGRAM SUMMARY

This report presents the results of a research program designed to investigate the generation
of ultraviolet radiation arising from the non-equilibrium thermodynamic conditions behind strong
shock waves in air. Such conditions can arise behind the bow shock of vehicles in rapid ascent
through the atmosphere. The overall objective of this experimental and analytical program was to
support the development of a capability to predict reliably the non-equilibrium ultraviolet radiation
from such flowfields.

Specifically, the program objectives included:

. an early assessment of the radiation to identify the radiating species and to
establish its dependence on velocity and altitude. These data were to
support instrument design issues for a proposed sounding rocket flight to
study these boost-phase signatures.

. the development of a comprehensive base of quantitative spectral radiance
data to support the development of predictive capabilities by the boost-phase
signature community.

. the development of a model to describe the electronic state excitation kinetics
that govern the nonequilibrium ultraviolet radiation from shock-heated air.

The experiments made use of a shock tube facility and spectro-radiometric instrumentation
available at Calspan. The system was capable of producing shocked air conditions over the actual
range of velocity and altitude of interest to the flight program. Both spectrometric and radiometric
data were obtained as the shock waves swept past the viewing station in the shock tube. Species
radiating in the ultraviolet as well as in the infrared were investigated in terms of spectral intensity
and temporal behavior. Additionally, shocks in various nitrogen/oxygen mixtures were used to
provide a broad matrix of data to support the chemical and electronic state kinetics developments.

Following is a listing of the principal results that have accrued.

1. Highly resolved spectra of the nonequilibrium UV radiation between 200 - 400 nm
have shown the NO Gamma-band radiation to dominate over a smaller contribution from the O3

Schumann-Runge system.
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2. The dependence of this nonequilibrium UV radiation on flight vehicle velocity and
altitude was established by direct measurements in the laboratory. These data were successfully
applied to subsequent flight instrument settings.

3. Spectra obtained from tests using pure O, permitted the contribution of O3 to the air
spectrum to be quantitatively determined.

4. Similarly, the temporal profiles in pure O3 recorded by the radiometers were used to
obtain, by subtraction, the kinetic behavior of the dominant NO-Gamma band radiation behind the
shock waves.

5. An extensive data base of UV nonequilibrium spectral radiance profiles has been
generated for use by the signature modelling community in this area. Parameters in this data base
include shock velocity, pre-shock pressure (altitude) and test gas composition: air, pure O and
various O2-N> mixtures.

6. A supporting infrared data set has been obtained, which provides temporal profiles
of the global NO formation kinetics behind shock waves in air and O3-N> mixtures.

7. It is concluded that the currently accepted rates for air ground-state chemistry do not
predict the NO generation correctly.

8. A simplified excitation model is suggested to describe the ultraviolet radiation
behind the shock wave.




1.0 INTRODUCTION

The motivation for this program centered on the development of capability for predicting
the ultraviolet radiation from the bow shock of a vehicle ascending between 40-60 km at velocities
between 3-4 km/s. The objectives of the program included providing quantitative measurements in
support of a sounding rocket flight experimert. the identification of the radiating species, and the
dependence of the radiation on altitude and velocity. In addition, basic spectral radiance data were
acquired in support of modelling this nonequilibrium radiation.

The non-equilibrium aspect of the radiative signature arises from the fact that at higher
altitudes the decreased density and collision frequency of molecules behind the shock front slows
-both the chemical reactions that establish species concentrations and those that govern equipartition
among internal energy states: electronic, vibrational and rotational. Thus, under some conditions
there exist strong gradients behind the shock front, consisting of species concentrations and excited
state populations far from equilibrium with the local (and changing) translational temperature. To
describe this nonequilibrium and to predict its dependence on velocity and altitude requires that the
relevant kinetic rates and mechanisms be known. Thus, a major goal was to provide a model to
describe the electronic state kinetics that govern the nonequilibrium ultraviolet radiation from
shock-heated air.

The experimental aspects of the program centered upon the use of a shock tube and
associated spectrometric and radiometric instrumentation, whereby radiative signatures from shock
heated air, O and N2-O7 mixtures were recorded. The flight conditions of interest, namely, shock
velocities of 3-4 km/s at altitudes above 40 km (2.25 torr) can be exactly duplicated in a shock
tube. Thus, the measurement of the radiation profile as the shock-heated air passes a given station
can be readily and simultaneously achieved for a number of wavelengths and with different
instruments. This procedure was the basis for the measurements conducted under this program.

The results of the first two years' work are embodied in two AIAA papers, Refs. 1 and 2,
which, for completeness, are included in their entirety as Appendices A and B. The shock tube
facility, instrumentation, calibration, typical data and their description and analyses are all
presented in these papers.

The body of this report addresses principally the efforts of the subsequent work. These
included the search for additional diagnostic observables and the resultant infrared measurements
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of the 5.3 um NO fundamental vibronic radiance profiles. Finally, an extensive discussion of the
gasdynamic and electronic state kinetic modelling and analyses is presented.

2.0 EXPERIMENTAL CONSIDERATIONS
2.1 Search for Additional Observables

As will be addressed further in later sections, a major effort was undertaken to formulate a
model to describe the kinetics of the population of the electronically excited NO(A) state. This state
gives rise to the Gamma band system which dominates the nonequilibrium UV radiation from
shock-heated air. Because the model contains a number of coupled reactions and interacting
species, a search was undertaken to determine whether any other relevant species gave rise to
observables that could be used for additional kinetic diagnostics. Two were identified: atomic
oxygen and the electronicallv excited N2(A) state. Each of these playsa key role in the
nonequilibrium radiation overshoot kinetics; serious effort was expended to evaluate their potential
as experimental observables.

The technique of atomic oxygen absorption near 130 nm in the vacuum ultraviolet is
actively being used in shock tube kinetic studies, as reported in the 1989 Shock Tube
Symposium. Details of this technique, especially those of the absorption lamp source were
obtained and found to be tractable. However, final calculations showed that the concentration of
O-atoms in the present experiments was much too high for these absorption measurements.
Atomic O absorption would correspond to an optically thick gas, which precluded its use as a
kinetic diagnostic, and resulted in abandoning this effort.

The use of laser-induced fluorescence techniques to obtain instantaneous concentrations of
the excited N2(A) state behind shock waves was also considered. The experimental plan would be
to absorb the laser beam by transitions from the A to B state and to observe subsequent fluorescent
emission to other vibrational A states. Thesc bands are in the N First-Positive B371 - A3y system,
between 600 - 800 nm.

This design effort involved a detailed study of the available energy levels of these states,
the transitions in various wavelength regions and the resultant line der ities per wavelength

interval. Overlap integrals were taken into account to optimize fluorescent signals while




minimizing laser power requirements. The use of excimer and YAG-pumped dye lasers was
evaluated, as either could be procured for the term of the experiments.

The results of these analyses showed that this measurement was both high risk and costly,
and that its implementation could adversely affect the balance of this program. Several factors
ruled against this measurement. A major one was that the temperature of the gas during the region
of interest was high (> 4000 °K), resulting in a significant thermal Boltzmann population of both B-
and A-state levels. Further, because they are separated by only 1.2 ev (B = 7.4 ev, A = 6.2 ev),
their populations are not much different, typically 107 vs 109 per cc. Thus, when attempting to
measure the fluorescent component over a manifold of transitions, the inability to differentiate
against spontaneous, thermal transitions becomes prohibitive. Efforts on this task were
terminated, and further diagnostic efforts were directed toward the improved infrared
measurements described below.

2.2 Infrared Measurements of NO

From concurrent analyses it became apparent that the kinetics of the formation of NO
behind the shock played a critical role in the overall scheme for the excitation of the electronic
NO(A) state. Earlier in the program,2 preliminary measurements of the vibronic bands of NO at
5.3 um had shown that this system could be used to monitor global (ground state) NO kinetics.
These early profiles were measured with a standard IR radiometer comprising a HgCdTe detector,
bandpass filter and slits for FOV definition. Figure 11, page B-9 depicts several such profiles, and
illustrates the complication of a "foot” of signal preceding the arrival of the shock wave at the
observation port FOV.,

This foot generally arises from scattered light from the highly luminous shock front, as it
approaches the measurement station. Scattering can occur from any defect (scratch, chip, film) on
cither of the shock tube windows, or from any slits, baffles or radiometer tube walls that are
illuminated by the shocked gas front and which are "seen” by the detector. Even second reflections
can give rise to the scattered component. It should also be noted that after the shock passes
through the FOV, any candidate scattering site or surface is doubly illuminated, giving rise to a
larger scattered signal component, but which is now buried in the true signal. The correction
would be at least equal to twice that of the foot seen when the shocked gas is not in the FOV.




A new radiometer was designed to surmount these difficulties. A schematic diagram of the
optics is shown in Figure 1. A major feature is that the entire radiometer is separated from the
shock tube. The physical apertures that define the very precise FGV are each imaged onto the
shock tube windows by a CaF; lens. One stop is the detector chip itself, and the second is a slit
made of razor blades, well removed from illumination by the advancing shock wave. It is sized
and positioned so that its image on the lower window is appropriate for the desired FOV. In this
way there are no physical sites from which scattering can occur. The windows were removed after
each test to preclude scratching while the tube was being scrubbed. Implementing these features
resulted in a dramatic reduction in scattered radiation, as evidenced by the lack of the pre-shock
"foot” in the temporal radiance profiles. Figure 2 illustrates the improvement.

An InSb detector was used in the new radicmeter. It was found that even though the long
wave roll-off of the detector response clips one wing of the NO band, the higher detectivity results
in a net gain in SNR. The combined filter-detector bandpass function, between 5 - 5.5 um w/as
determined by separate bench experim~nts. A standard blackbody source through a scanning
monochromator was calibrated and then used to establish the wavelength dependence of the
radiometer, as shown in Figure 3.

System calibration was achieved by means of a chopped, standard blackbody which
completely filled the FOV and whose intensity spanned the range of those for the test gases.
Figure 4 presents a plot of the blackbody radiance convolved with the filter function and the
detector response function (JIBBFXDAdx. wem-2sr) against the recorded signal levels in millivolts.
System linearity is evident. and these data were used to obtain an averall calibration constant that
was applied to all subsequent profile measurements. By these means the in-band radiance from the
NO (formed and heated behind the shock wave) can be directly related to that from a blackbody of
known temperature. The analysis of these data and their application to the kinetic modelling are
discussed in a later section.

3.0 ANALYTICAL AND MODELLING CONSIDERATIONS

3.1  Equilibrium Radiati f NO and O

The time-dependent measurements of the ultraviolet radia*ion, as described in Appendix A
page 3. can be used to obtain an equilibrium radiation value at long times. These can then be
compared with previous equilibrium experiments and calculations by reducing the results to an




evaluation of the electronic transition moments for th=. NO Gamma and Oy Schumann-Runge
systems.

To accomplish this, the radiation from a single spectral vibrational band of an electronic
band system is written as

_ Ev'/hT

3 232 =T 4 P} .
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number density of molecules (cm3)

n
Fe

fraction of molecules in upper electronic state
wavenumber of radiztion (cm-1)
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sum of squared dipoie moments for transitions from degenerate upper

w
Z|Re|
du

Ev ) = vibrational energy of upper state

Qy' = vibrational partition function of upper state

states, atomic units

degeneracy of upper state

By representing each vibrational transition (v’ —> v") as a simple Q branch. and assuming that
IRel2 can be taken as a constant. the spectral radiance can be approximated as
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where
Be, s Be v o= rotational constants for upper and lower states
Wyiyn = bandhead wavenumber for v, v' transition

If Be'> Be ", the equation applies for eco¢w,» and Iv'ﬁ © fur wy W, » . The dependence of
B on v is not included in the approximation. The total spectral radiance is then
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T(w) =Z 1 () (3)

viv® vive

The spectral radiance calculated with this approximation is shown in Appendix A, Figures 12 and
13 for the NO Gamma and 07 Schumann-Runge systems.

The in-band radiation that should be measured by the calibrated detector for a single band
system is then

oo

S=4X XI@) F(w) D(w) dw w (4)

- o st

where £ is the diameter of the shock tube, F(c) is the filter transmission function and D (w) is the
detector response function. F(co) for the 230 and 260 nm filters is shown in Figure 5 of Appendix
B. The detector that was used for the broad 230 nm filter has maximum sensitivity at 205 nm.
The sensitivity decreases by 20% at 185 nm and at 250 nm. At longer wavelengths the sensitivity
drops exponentially, decreasing by a factor of 10 at 300 nm. The sensitivity of the detector that

was used for the narrow-band 260 nm measurements was taken as constant over the band-pass.

The integrals in Equation (4) were calculated as functions of temperature for the NO
Gamma and O; Schumann-Runge systems. The absolute calibration was obtained by calculating
similar integrals for a black-body source of radiation and following the calibration procedure
described in Section 2.2.

This results in calculated functions of temperature, MNO and M2, where these arerelated
to SNO and Sg2 by

PR
SNO - MNOL nNO 'Re':o , ‘SOZ. - lwoanOZ,Re,loz_ (5)

From Equations (4) and (5) it follows that the in-' 1nd radiation to be expected from the gas
mixture would be
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Since MNo and Mo, are known from the calculation, and nNo and np, are known from the
equilibrium shock calculation, the experimental value of Spx divided by n02M02,€ can be
plotted vs (MNo nN0'Mo,n0,). The intercept and slope of the straight line yield the [Rel? for 02
and NO. These plots are shown in Figures 5 and 6 for the 230 nm and 260 nm results for 02 and
NO. Measured vs calculated values of the equilibrium in-band radiance for 230 and 260 nm are
plotted in Figures 7 and 8 of Appendix B, using the derived values of |[Re|2. (The notation of
Appendix B is slightly different from that used here.)

1.2 Separation of Nonequilibrium O and NO radiation

The equilibrium ultraviolet radiation from the shock tube is a well understood mixture of
02 Schumann-Runge radiation and NO Gamma radiation, as discussed in Section 3.1. The 5% 02
experiments produce practically no O2 radiation, the 22% O3 tests provide about equal amounts of
NO and O3 contributions, and the 40% O3 tests provide appreciably more Schumann-Runge than
Gamma contributions. In the nonequilibrium region, the NO radiation is the dominant contributor
in almost all cases. However, it is necessary to make some correction to the total radiation
measurements for the Q2 content in order to obtain the NO overshoot history.

Experiments with 100% oxygen show that the O2 radiation does not overshoot its
equilibrium value, but rises smoothly to a final plateau (see Figure 5 Appendix A). This feature
was observed in work at AVCO3 in the late 1950's, and attributed to the rapid predissociation of the




oxygen excited B state. Thus the B state remains in local thermodynamic equilibrium with the
oxygen atom population, so that the number of 02 molecules’cm3 in the B state is given by

| 2
Norey = *,z( hoiey) p,

Nox /e
2 -neq/ -2293/t - (8)
= Mo ) L7665 & - L46S-1.4 wo"'r

where K is the equilibrium constant for the reaction and the last factor in the equation is an
approximate representation (appropriate over the range 3000 to 7000 K) of the required correction

to the rigid-rotator simple-harmonic-oscillator model. The O radiation is taken to be proportional
to no,(p)» as determined from the equilibrium measurements.

We have assumed that the O; S-R system follows the same behavior in the radiation from
N2/02 mixtures, with the O;(B) state staying in local equilibrium with the oxygen atom
concentration at the translational temperature. The oxygen atom concentration behind the shock
was calculated from a normal-shock nonequilibrium code’, and this population was used to
determine the B state participation in the observed radiation. This amount of radiation was
subtracted from the total observed, and the remainder was attributed to the NO Gamma system.

The results of this subtraction are shown in Figure 6 of Appendix B for a matrix of nine
runs. The total radiation and the portion attributed to NO Gamma are shown. In the 5% O
experiments the corrections are negligible, and for the 22.3% O tests the corrections are very
small in the nonequilibrium region, except at the slowest shock velocities. For the 40% cases at
low velocities there is an appreciable correction.

33 Analysis of Nonequilibrium Infrared Measurements

The nitric oxide 5.3 um radiation intensity is expected to be proportional to the NO
concentration and a relatively weak function of the temperature”. Thus the measurement of this
radiation can be used to determine the time-history of the NO concentration behind the shock wave.
This time-history of the ground-state chemistry behind the shock wave is a critical input to any
calculation of the anticipated time history of the ultra-violet radiation. The infra-red measuremefts
obtained during the first phase of this prog-1m demonstrated the ability to determine NO

" The NOis optically thin, and it is shown in Reference 3 that NO vibrational relaxation does not appreciably affect
the interpretation of the measured NO-IR radiation. The temperature dependence is given in Appendix D.
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concentration, but did not contain enough resolution to resolve this time history. In the second
phase of the program the sensitivity of the infrared detection system was improved to give a better
measure of this ground-state NO chemistry, to use as a guide in interpretation of the ultraviolet
data.

A very general picture of the observed infra-red radiation is given in Figure 7 showing
plots of observed intensity vs lab time behind the shock. (Full-page copies of these graphs are
given in AppendixC). The three columns correspond to the three O2/N7 mixture ratios that were
investigated, and the results are arranged vertically according to velocity. The time histories show
a rise to maximum, an approach to equilibrium, and the disturbance caused by arrival of the
hydrogen/oxygen interface, resulting in OH and H;O radiation.

The radiation level attained at equilibrium is proportional to the NO concentration and a
weak function of the equilibrium temperature. Both the NO concentration and the temperature can
be calculated if the ground-state chemical rates are known. It is shown in Appendix D that the
temperature dependence that is expected for NO radiation measured with the filter-detector system

that was used is:
12~ =4
£(T) =3.51x10 [ws.zmo (1--3000)_] ©)

This temperature dependence can be confirmed by dividing the measured equilibrium intensities by
f and plotting the results vs the NO concentrations. As shown in Figure | of Appendix D, this
demonstrates the proper linear dependence on NO concentration. and provides a relation that can be
used to interpret the nonequilibrium data.

Also shown in Figure 7 are calculations of the expected NO IR radiation. These calculated
results were obtained by utilizing a 7-species, 10-reaction model in a normal-shock kinetics code’
to determine the time history of the NO concentration and temperature behind the shock. These
values were then used with Equation (12) of Appendix D to determine the radiation. The rates that
were used in these calculations are those suggested by Wray®, as corrected by Camac etal’. The
Camac corrections are the deletion of the reaction N2+0>+*2NO, and a decrease of a factor of 2.5
in the rate for No+O«=NO+N. The Camac rates are expressed as

B, ~C./T
“i, =A T e (10)
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and are given in Table 1. These rates were considered to be the most relevant ones available for the
density and shock-velocity range of interest in the present experiments.”

ks = ATB,-C/T cm¥molecule-sec or cmS/molecule-sec

A B C
(°K)

1. |02+0~20+0 1.5 x 104 -1.0 59,380
2. |Op+02220+ 0 5.4 x 10-5 -1.0 "
3. |O+M~-20+M 1.2 x 10-5 -1.0 !
4. |N)+N-2N+N 6.8 x 10-2 -1.5 113,200
5. {N2+N>~2N+N» 8.0 x 107 -0.5 "
6. |INo>+M~-2N+M 3.2x 107 -0.5 !
7. [NO+M-N+0O+M 1.7 x 10-3 -1.5 75,490
8. |[N+0>>NO+0O 2.2 x 10-14 +1.0 3,565
9. |O+N;- NO+N 5x 1011 0 38,016
10. |NO*+e-=N+0O 9.0 x 10-3 -1.5 0

A recent publication8 gives an ex~ <rimental result for k3 (with M=N2) of 3.4xI1018 (% 25%)T-1
exp(-59,380/T), measured from 2400 to 4100K. This is about half the Camac value. The most
recent experiments with NO formation? suggest that kg = 1.8 x 104 exp (-38,370)/T, about 6
times larger than Camac's value.

12



The general conclusion that can be drawn from comparison of calculations and experiments
in Figure 7 is that although the calculated results show profiles similar to the experiments, they do
not predict the magnitude or position of the overshoot correctly. The calculations fail most
noticeably for low velocities and for the 40%/60% O»/N; mixture. Camac’s results3 showed
similar problems, but those could not be resolved because of possible boundary-layer effects in his
shock tube, which had a 1.5-inch diameter. In the present experiments, with a 3-inch diameter
tube, boundary-layer effects do not contribute to determining the time scale behind the shock at the
times involved. In addition, many of the calculations do not demonstrate a radiation maximum,
whereas an experimental overshoot is clearly shown.

Because of the importance of the ground-state chemistry in explaining the measured
ultraviolet radiation, some effort was made to adjust rates to provide better agreement with the
infra-red experiments.

As pointed out by Camac et al’, the general features of the time history of the IR radiation
can be characterized by the three temporal parameters shown in Figure 8. These are an incubation
time, a time to half maximum, and a time to maximum. The experimental values for these
parameters are plotted in Figures 9, 10, and 11. The ratio of peak-to-equilibrium radiation is shown
in Figure 12. Each figure shows experimental curves for the three mixtures, as well as the values
obtained from normal-shock calculations using the Camac rates. Calculated profiles for the 40%
0,/60% N3, mixture did not show maxima.

INCUBATION TIME

The early formation of NO behind the shock is governed by reaction 9, which depends on
oxygen atoms to produce the NO. (Reaction 9 also produces a nitrogen atom, which is
immediately converted to another NO molecule leaving a replacement for the O atom, all through
reaction 8.) Thus there is a delay in the NO production until O atoms are formed by reactions 2
and 3. These dissociation reactions are delayed!® by vibration-dissociation coupling, an effect that
is not included in the present calculations. Thus a complete description of the incubation time of
NO formation requires an accurate description of the early process of oxygen-atom dissociation.
The need for a longer incubation time led Camac to discount the N2+0>22NO reaction, which
would supply NO at very early times (he also had other experimental reasons for removing this
reaction). However, it is clear that the Camac rates do not provide long enough incubation times at
low velocities.
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TIME TO HALF-MAXIMUM

Apart from the relatively short incubation time, the time to half-maximum is governed by
the rate of production of NO by reaction 9. It was on the basis of this measurement that Camac et
al suggested a reduction of a factor of 2.5 in this rsate'. In their examples, they reduced the
coefficient from Wray's value of 7x10!3 to 2.8x10'3, as indicated in Table 1. This correction
provides reasonable agreement, except for the low-speed shock waves; for these cases the Camac
rates predict a longer time to half maximum than shown in the experiments, and do not predict an
overshoot.

TIME-TO-PEAK

Figures 11 and 12 describe the time-to-peak and the ratio of peak-to-equilibrium radiation.
The Camac rates do not provide results consistent with the experiments for either parameter. In
many cases the calculated intensities do not show a maximum, as is evident in Figure 7.

By changing the reaction rates we have obtained calculations in reasonable agreement with
the experimental results, but only by changes that are inconsistent with known values of these
rates. For example, by changing rates of kj, k2, k3, and ko, the results shown in Figure 13 can be
obtained. These calculations still do not provide an accurate fit to all of the data, and require use of
rates that are in complete disagreement with accepted rates. However, we have used these
calculations in Section 3.5 to make comparisons with ultraviolet radiation because of their close
match to the infrared results.

The possible changes in rates that would provide results consistent with all of the data have
not been pursued further in the present work. Instead, the infrared data have been used as a
guideline in interpreting agreement of theory and experiment in the ultraviolet measurements.

3.4  Excitation Equations for the A3 X+_State of NO

The mechanism by which the NO(A) state is excited behind the shock wave is not known,

but it is certain to involve a complex set of competing reactions. In particular, energy transfer from

* Camac et al arrived at the conclusion. based on a first-order analysis, that the same effect could also be
accomplished by decreasing the rate of reactions 2&3 by a factor of 2.5. which would decrease the supply of
oxygen atoms. This. they arg”_d. would decrease the NO production rate. Although this is true at the very
earliest times, we have found that decreasing the O2 dissociation rate increases the temperature at any given
position behind the shock. and the net effect is an increase in the NO formation rate, which is very temperature
sensitive.
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the metastable N2(A) state is usually considered as a parallel path for NO(A) excitation. A listing
of the energies involved in relevant chemical states is shown in Table 2.

N+N 113,243 °K
N+O 86,321
NO(A) + NO(X) 74,375
N2(A) 72,234
NO(A) 63,259
0+0 59,400
N 56,621
0 29,700
NO +NO 22,232
NO 11,116
N> 0
(03 0

TABLE 2. ENERGIES ASSOCIATED WITH CHEMICAL SPECIES

Mechanisms for the high-temperature excitation of the NO(A) state have been examined in
References 11 and 12. The simplest mechanisms suggested are direct excitation by electron
collision or atom collision, recombination of N and O to form NO(A), and recombination of two N
atoms to form N2(A). The near-resonant exchange between NO(A) and N3(A) is usually assumed
to occur very rapidly compared with other reactions.

A representative set of reactions is:

1) NO+te a NO(A)+e
2) N+O+M 2 NO(A)+M
3) Njte 2 Na(A)+e
4) N+N 2 No(A)+N

15




5) N+N+M =4 N2(A)+M
6) NO(X)+*Nx(A) = NO(A)+N(X)
7) NO(A) - NO(X)+hv

Reaction 7, the spontaneous emission of radiation from the NO(A) state is the signal that is
observed. The radiative lifetime of this state is known to be 0.2 ps, so that k75 = 5x106sec’l. The
reaction is written in a single direction because the radiating gas is optically thin. Reactions 2and§
are written as three-body reactions, but two-body reactions could also contribute. In the
nonequilibrium region these reactions proceed in the reverse direction, as quenching reactions. It
should be emphasized that a great many other paths of excitation are possible, many including
intermediate states.

The rate of increase of the number density of NO(A) and N2(A) molecules can be written
for this set of reactions as

d7l~0A= kIF NyeNe~ KlranoAne * sz v, - kzn. Nenoa T
dt

+ GfMNonNZA— ‘(ér(, NnoaTnz — l<7{ LETVIN (1)

d___._ﬁ” 2A - k;; N Ve~ k3fan2Ane T kw;nNz.nN - ktm Mnaaiw
(12)

2
+ ksf:nN VLM— ksmn~2anm— kq n’NonNZA + k‘mnNOAnNL

A great simplification in the investigation of these equations comes from the fact that
Reactions 1 through 7 do not appreciably affect the number densities of the unexcited species nn?,
no,, NINO. ON, NO, N and ne. This follows from the fact that the excited species number
densities nNOA and ny 24 are about e-70000/T = 5x10-6 to 5x10-10 of the corresponding ground
state species number densities. To produce ground state species at an appreciable rate from these
excited states would require rate constants that were proportionately greater than the rates used for
ground-state chemi' ry. Likewise, the chemistry represented by these reactions does not affect the
enthalpy or temperature history of the gas behind the shock wave.
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With this simplification Equations (11) and (12) can be rewritten as

d{:"—-p&[k';nm?le“' k'zanhnm] —[kmne theophim * Kag ] Vinvon
+ [kq 7L~o] Vinza — [km Nina | Ponoa (13)

dﬁm: [kog P e+ Kigp Mz T + s 1200 T |

(14
- [kanne +Kep Ny Ksp Yong ] Npza

- [k‘{ nNo] Mnoa + [kcfo VLNL] Mnoa

The rate constants are specified as functions of the temperature, and the species number densities
inside the brackets are known functions of the distance behind the shock wave. It follows that if
the ground-state chemistry behind the shock is known, then for a given choice of rate constants,
the bracketed terms can be considered as known functions of the time, and the two equations can
be integrated numerically to determine nNoA and nN2A.

The relation between the forward and reverse rates can be written explicitly as
Ene Enza

ki _ (wao“) -_-<¢LNox)C k;,’@ (WN?-):(—-—-A“’Z" e Wz .‘fi.’."

ku: Nno ea dnoa 'k'x Ynza clnza Kaf

k ”N)‘-O nNhO . Mx nNuo . NOX. NOA

k?of ('nNoA)EQ ('hmx E‘(')’Lumm (nwx (d/NdA) c )
E

ks_.&g(_"ﬁ!_) =<_rﬁ:_ ,(m} =(%~> (d.,m e ¥

Ksg (Mvaaly,  \Mwag A\ Nmanfgg \Pvz/g \dnzn

where the terms d; are the degeneracy of the ith state:

dn2x=1; dn2a=3; dnox=4; dnoa=2

Since very little is known about the values of the rate constants, there is some merit in
simplifying the equations further. It is first observed that the sum of Equations (13) and (14)
provides an equation that does not involve the exchange reactions:
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%\L?A + d'Y;L'::LA '—'[Klf-nﬂme M k?-f’h“’n"h“" TReNyNe * ‘Wn”zn"‘

. 2
+ kS‘{.nN nM—J - [kl n e +ka.n.n~\ t k‘lf] nNoA (16)

- [kanne tkyn on + ksn,n-w\] LONN

If it is next assumed that the exchange reactions are very fast compared with the other excitation
reactions, nNOA and nN2A will remain in a local thermal equilibrium with each other, so that

Enza ~Epnos g07¢C
Nnoa = Q= dnax . dnea , N e T = 1 Nyo e T an
YinzAa onzA dnox  Mwa 6 S

Q is then a known function of time behind the shock wave, with a value between 0 and about 0.1.

Substituting Equations (15) and (17) in Equation (16) results in

dZ _F-_&_ gz (8)
at (1+®&)

where Z, F, and G are defined as

Z = nNOA+h’NzA Y

N2p

R 2P = Q7
(1+@) PTNeA T T R (19)

F = K Ryl rk, oMy, +k My, e + Koz + ks Mg Mom 0

G‘ = [&:nm’ﬁgj’ksr Moo +Kep My Ko Nuhe N
+ 21
B [
rheg Vg ’fc,]
IE
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and pi, p2, and p3 are defined as

_ __Ewnoa
kT
o = dnos ¢ Tewo
A NoX (22)
_ _Ewoa
- drNoA e T " Nevo N No
’Oa" d.~nox Ne NN Nowo (23)
_ _Ewea .
- CLNOA C hT. n Nowa o Y (24)
?03 d' No 2 m

pi is the value of nNOA in local thermodynamic equilibrium with nnox, p2 is the value of nNOA in
LTE with nNno, and p3 is the value of nyoa in LTE with nn2, all under the condition that nNoA
and nn2A are in local thermodynamic equilibrium with each other. In final equilibrium, p1=p2=ps.
Equation (18) provides the differential equation for nNoA(t).

A final simplification that is appropriate over much of the relaxation zone is the assumption
that Z is near local equilibrium -- i.e., dZ/dt is small compared with the terms F or (Q/(1+Q))GZ in
Equation (18). This is true when changes in the ground-state chemistry are slow compared with
the electronic excitation mechanisms. In this case Z can be taken as

Z=Z71g = (F/G) (1+Q)Q), or (nNnoa)LE = (F/G). (25)

This local equilibrium value is somewhere between the local values of pq, p2, and p3, depending
on the relative values of the numerators of the three terms in Equation (21). If k7 has an
appreciable value compared with the other terms, it serves to lower the local equilibrium value of

NNOA -
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When the ground-state chemistry arrives at final equilibrium, pyj=p2=p3 = (nNOA)FE. (see
Equations 22-24), and

(hwoa) =E = __F 26)
NOoA JeE

If k7<<F/(nNOA)FE. then (nNOA)LE=(NNOA)FE.and the equilibrium radiation is not "collision
limited."”

3.5 I ] itati

As discussed in Section 3.4, References 11 and 12 give assessments of the state of
knowledge of excitation mechanisms and rates for excitation of the A3 state of NO. The group of

7 mechanisms discussed here was chosen from those reports, and the initial set of rates that was
compared with the present experimental data was taken from Reference 11. These rates are written
in the form

kf = ATBeC/T 27N

where the values of A, B. and C are given in Table 3. The units of the rate constants are
(cm3/molecule sec) or (cm®moleculesec).

A B C
1. [NO+e <  NO(A)+e 1.2x 10-10 0 63,510
2. |N+O+M < NOAMM 2.47 x 10-31 -1.24 0
3. |Na+e & Na(A)+e 1.98 x 10-9 0 71,586
4. |Na+N 2 NyAMN 1.53 x 102 -2.23 71,586
5. |N+N+M < Na(A)+M 1.27 x 10-27 -1.60 0
6. |NOOX)+N2(A) 2 NO(A+N2(X) | inf.
7. |NOA) - NO(X)+hv 5x 106 ——

TABLE 3. INITIAL RATES USED. REFERENCE 11
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The rates for the reverse reactions are taken to be related through the equilibrium constants.
Reaction 7 proceeds in only one direction because the gas is optically thin.

An important conclusion of the study of the equilibrium UV radiation was that the radiation
was not collision limited. This means that at equilibrium the term k7 (Equation (21) Section 3.4) is
negligible compared with the other terms in that equation. Typical values of these other terms at
equilibrium, for various shock conditions, are shown in Table 4. The initial pressure in the shock
tube was 2.25 torr for all cases.

Some of the terms, in each case, should be considerably greater that 5x106sec-1 in order to avoid
collision limiting. Although this is satisfied for the 5% oxygen experiments (the highest
temperatures), it is not satisfied at the lower temperatures associated with the 22.3% and 40%
oxygen equilibrium conditions. Thus if the excitation process is to be represented by these
relations, appreciably faster rates must be used.

The first two rate columns in Table 4 show that the electron reactions are the slowest of all
the rates. This is related, of course, to the small number of electrons that are present at these
relatively slow shock speeds. The temperature dependence of the electron concentrations is such
that these rates become more important at higher temperatures, but it is unlikely that they are
involved in the excitation being discussed here.

The last three rates have comparable magnitudes, but the direct-excitation rate, k4f, has the
strongest temperature dependence. The value of the last two terms, the recombination terms, are
very dependent on the degree of equilibrium, since they depend on the square of the atom
concentrations. At conditions near the shock, where few atoms are present, they serve to quench
the radiation by dissociating the excited state of NO or of Nj.

Under the assumption that changes in the ground-state chemistry rates are slow compared
with the electronic excitation mechanisms, Equation (26) can be used to describe the population of

NO in the A state, and thus (with Equation (6)) can be used to compare with the signal received
from the Gamma radiation. Then

2
5Not\ = (Z [Relno . MW\ _g. watts/cm 2sr (28)
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2z
Snoa = (£ m""“MNo) { [kemn2nn+komnnonysksmmnn 1)/
(29)
{[ksmn20n/p1] + [komnnonm/pa] +smmnrr /psl)

The electron excitation terms, k| and k3, and the emission term k7 have been dropped from the
relation as being negligibly small. Only the ratios of the remaining rate constants are relevant in
determining SNOA, assuming that they are large enough to make k7 negligible. Thus there are two
variables in fitting the calculation with the experiments. Many calculations of SNoA Were
performed, using the Camac ground-state rates given in Table 1 and varying coefficients A; for the
k2, k4, and ks electronic excitation rates of Table 3 in an effort to match the experimental profiles.

No reasonable match could be obtained.

The calculated ground-state chemistry shown in Figure 13 is reasonably consistent with the
infrared radiation data, but employ unrealistic ground-state reaction rates. If this ground-state
chemistry is used as the basis for calculation of the electronic state populations, a fair agreement
there can also be obtained. A set of calculated nonequilibrium emission profiles for the matrix of
230 nm runs is shown in Figure (14). (The experimental results are shown in larger scale in
Appendix E.) These calculations used a simplified table of coefficients for reactions of Table 3, as

shown in Table 5.

RATE A B C

l 1.2x 1010 0 63,510
2 4.0x 1034 0 0

3 2.0x 109 0 71,586
4 4.6 x 108 0 71,586
S 5.2x 1032 0 0

6 Infinity

7 5x 106 .

TABLE 5. COEFFICIENTS USED IN CALCULATION OF FIGURE {4

The pre-exponential temperature dependence was omitted in all cases. The ratios of the A; (e.g.
A4/A,) are determined by the shape of the curves. The magnitudes of the coefficients were chosen
so that the rates would be large compared with the radiative emission rate. Rates | and 3 do not

affect the results.
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FIGURE 1: MAJOR ELEMENTS OF THE IR RADIOMETER-SHOCK TUBE SYSTEM.
THE BEAM IN THE SHOCK TUBE IS WEDGE-SHAPED, OPTIMIZED FOR AXIAL
RESOLUTION AT 3MM, AND FOR THROUGHPUT BY A 9-MM WIDTH ACROSS THE
TUBE AT THE LOWER WINDOW. MAGNIFICATION IS UNITY FOR THE DETECTOR
CHIP AND 2.5 FOR THE APERTURE.

25




‘
.

0se

'STivL3a HO4 1X31 33S 'NOILONAG3H LHOIT A3H3LLVYIS NI INJWIAOHLNI
DNILVHLISNTT ‘Y3 L3N0IAVYH HI 3HL 40 30VH1 V.1va MVH TVOIdAL "¢ 3HNOI

SPUODBSOUD U} BWf )
S22 gee St es7 ST 607 S 6s se e §e-

Tr—r

L ame e e e e A ae r—r et~

VA

/

ey

Ll 1 Lt | -

[ S W}

| .

Lokt L.

’ Bt
PN SV

Z ettt ot D Or= > {0

—
S

v\'\_’dﬂ
=
5]
—
e 1 1 lm
'

Y a9

/
—
[

- 2
(WNESHY 130 M1 €8T NNY $924 J¥dAND @'08T 1ASd ‘¥ nwwccmcu

26

—




H313IWOIAVY JHL 40 ISNOJS3H HLIONITIAVM A3HNSYIW '€ 3HNDIS

(n) Busjonepy
w.m 9 69 ¥S €G 26 I'G] 00§ 6'v 8¢V
. hJ./ y 3 m—\-\&mjl O

i) N ] | § )4 ,
3 B 3 T 7 1%
] AV 5 1 { T
3 B 173 ” M.1 - OF
{ | _ / :
——— — . ow
- 1 S I I
— e ] !l/ _ _ -} o8 N
..... : - R m.
- | —{[———F 0ot =
—_ e — s ) S — R =3
A1~ - 02l =
R T I . R N —_ ! <
_—f . B | I IR IR O¢P

U DU R R A e — | — = : 091

— - —1 - oot
udnEIgied-qsu;- et o0z

0¢ée

B!




H313WO0IAVH 3H1 40 NOLLVYHEITVD ALISNALNI ¥ 3HNDIL
Ay .V IND) o :
Qaa oo 009 "% 9oz .ue
I t T s il
L i I | ﬁ,f !
i | fit | .
] i LTI | i z0 wclJ
T \ — g
HIHT 1ML H f ﬂx f
itk _ LY
HE HH HHIHATH HIIH il i f ﬂ HiH HITHH I HHTH %.‘0- (Vl\_
f 1] <
..ﬁ ] j ﬁ...h H t ] 111 ld._‘
: i g 1 ititlie 1 N
! I [ I 90 /W»\
i : N Il ;T% | il ! il m
i H H H H H- » 2 1444 H 1 H H .
i | I it _ﬂx N\\
HHH I williniin [ T 80" (Wz
LHHHH Y 1 H HHHHT
il | T | o R
11 | w
i | 4 ! a
| 1 ~




3.0

il

]

it
i 1 R
H

M

mi
i
iqi_{

:

it

I
i
|
.
|
|
i
{

!

~

!’ 7
|
i

SMIX

i
3
|

No2Moz L

LY N4
V .

ikl

/4
i
IJ

FROM INTERCEFT : = O 40 /60
/& /oz.f‘-g = JYfou T X 100/0
2 ="

1,0 -

TnnnTnTnr

SSE e SATT FTTNEIST]

e -

T T —

pusts Sichony =

o]

Tt 4

3o

i | — =TT

~r—d - -
3

|
!
1
!
1

Moa . Noz

FIGURE 5. RADIATION MEASUREMENTS, 260 NM
29




7Y fRom SeorE :

.:— z
_ /ee{,“, = 02/ 3.,

OSmx B
NozMe2 2

T ke et
F—r—% =3

=
%0 /%N =
==t o 223/777
FROM WTERCEPT, =t O 40/60
2 = ==
/Qe/oz"-_‘Q = /'S-a-u' TEEEEE = X /00/0

T E=ETS t A

’"l‘}"fil

LARRI RLARE SARAS AAENYI|

FIGURE 6. RADIATION MEASUREMENTS, 230 NM
30




RNV
kA )
T f&rz.ﬂ.\./.ll -
. |..A| LII
TEERNANE

(S 4

}
]
]
I
[lll»
l}l|l,

NN RN

(seg) )
serd 1

I

iﬁﬂ@ﬂ.

re
i
4
N
1}
1
If
wi
i)
¥

nf\

'm0

1w
i

|
I
[
]
|
|

4
]
N

.. < RRESSURLER

w%L09/% % ok
.

wWiLiy/ 04822

WS/ DY

/-4




Te

'S31vy S.OVIAVO DNISN G31VvINDTVvO SYM LO1d HOV3 Ni
37140Hd A3HSVA IHL 'S NI 3WIL 8V LSNIVOVY Q31107d IHVY HS-zZWI/SLLVM
NI SIILISNILNI 3H3IHM 'O XION3IddV NI SQHOO3d vivad 3IvOS-1INd IHL
OL IONIHI43Y 3AIAOYHd (H 3LVYNDISIA) SHIGNNN NNH "LNVLSNOO Q13H
3H3IM NANTOD HOVI NI SNIVD ‘HHOL S22 40 3HNSSIHd IVILINI NV 1V NNY
IHIM S1S3L 11V 'SAI/WWN NI 'S3SIHLNIHVd NI Q310N S3ILID013A 3HL Ol
ONIQHOOIV 30VdS 34V SQHOD3Y 3HL "IYNLXIN A3LON 3HL 404 ‘NWN10D
HOV3 NI "SOILVYH IUNLXIN °N/20 ANV ALIOOI3A MOOHS NI S3IONVHO
HLIM SAON3YL 37140Hd 40 SNOSIHVAWOOY3ILNI LO34HIA HO4 'S371404d
JONVIAVY WAE'S a3.LviNOIVO ANV Q3”NSVYIW 40 XIHLVN "2 3¥NOI4

/ | , \\w\,.\\...vkmw‘-uw- ]9.\:\.\:3\\1 A1 i
R i o O O % o o e Tl ~ - or
T L T
T ] . 10 (e6'2) 1
RRSEEERNPdun (b2 |- |- LA ARER
T A thid -1 ; A
S NI 8 O 52 o I O O T A N
T T g |
T | : T
PRFIRUIYS PO N PR S J DV B I
R / Vi
g1} -] 44
el N I I AL L1 [
- WL ATV
2_2- I Tr;,ﬁjujs;r.%\ |
IREBIIRE ) | [ A
L Jg/ A shid |||
T VA L 1T
(a2 = Y N I /2 U A SN A O A Y A A T O OO O O T O - -
a2t | \K
RE nuﬁ- -k ,ﬁf\.rruﬁdzylmhuuw..nzﬁ
:..~.3m y,nswm AN . ) ,.JJ.LM,..MHU
AL . .ﬁm_.wﬂ NN




NOLLVIGvH Q3HVH4NI WNIYEININD3
"NON ONIZIHILOVHVHO SHILIWVHVd TVHO4WIL IIHHL '8 3HNODIY

MYId OL Ty
—| I A7 0L FI01L
| Fvie NorLvonspy

1--—-~-—¢~—

I
| # o~
) ™
. 4
I
| N
| )
WwreInnNoF _ _ X
07vio | _ AN
! )
]
_ B
_ R
|
| N
IS = N
| -




ll'll'lll'llllll'll
: _ (S3LvH DVAVD)
S3404d A3LVINOIVO WOH4--- S31140Hd TVLNIWIHIIXI WM €6 WOHA -

'HHOL1 622 = td 'SIFHNLXIN NLO
334HL HOd ALIDIN3A XOOHS HLIM 3NIL NOILVENONI 40 NOILVIHVA 6 '3HNDId

W/ i) SA

8'c o' e T't o'e m.NO
& $ 0 ? u RHHIK f | - _
(et l il s e e L Il _*W “__ th\n.ww
A Sl i T e U A _
L T i
— _ | J..,}.I,r . le
4 .__ r ﬁ 4 L m
i ®
L-A r -4 ..Ax .Tx w
H 1 |O'
I | Z
: AU HH T ~ b MM
! r 1 lw‘l 1 1 ; _". qilh m_t | -
| | i I O <
_ | NEL 1 : m
it [T s
._ n I.T.,ﬁ ;n .: wl ~
XL i
| LY H ! IR A ! i_hw{_ r:. w
_ A0 O LG Lkl -
i ; HTHHIER [ R
| ] I Hh R R A ] il E{F
1 T\ 4 S T
} i il
“‘. '
Hit i i Lr“,
f
i L] ! “ . m._ Ww\
Ty s NN —
i | m ISR i
! e e _.__:




(S3.1vH DVVD)
S311404d a3aLvINOIVI WOHL--- S311404Hd TVIN3IWIHILX3 W €S WOH -
SN/O 334HHL

‘0L 3UNDOIS

'HHOL1 622 =td 'SIHNIXIN
HO4d ALIDOT3IA XOOHS HLIM WV3d-4TVH-OL-3NIL 4O NOILVIHVA

34

(sW) SvSd-=wH 0L 3Wid

b's 8E Le 2'€ ST
(e R )
FIH THA
ﬁg -1 H H
Il
H H HHLHH
I [T
i I i it Lee/err
Pyt
| , Lfifl i .
, il 1
i i “_L,__ T# i 4
I AR |
— | f it Ly fr
# i |
M __hr_ __r _____{,7_
i e e
i _ | B A




(S31vd OVAVO)

SIN40Hd aILVINOTIVO WOHSH --- ST NJ0Hd TVLIN3WIYIdX3 W €S NOYd-
"HHOL 622 = d "SIHNLXIN SNLO

II3YHL HOH ALIDOTIA MOOHS HLIM Mv3d-OL-3NIL 40 NOILVIHVA ‘LI 3HNOIL

s/ sA
be 8F  Lf 2€ S€  pe €  use re o XN
S | i TR ARG ARA
R (L | {0 EEH A
, ittt fﬁﬁﬁuf it _
c iy L i Ir.i..u,. S (024
T, JP il i L:..,Humwx. .
~ , . H
m
o g
09 R
N
1=
........ . Loa)
-0}
. +07)

35



(S3LVH OVWVD)

S340Hd a3aLvINDIVO WOH4--- S3T40Hd TVINIWIHIAXI WA €S WOH -
-'HHO01 622 = td "STHUNLXIW EN/CO I3HHL HOJ ALISNILNI
WNIHEITIND3 OL 3AILVI3H ALISNILNI MV3d 40 NOILVIHVA ¢l 3HNOId

W/ wn) A

. 1 %3 T'E
e T ik T T T7§: 07
0O OO A e
e e v L o sl o v Rt

et I

a
i

an

—

1
T

Pt St Suituiut S iy
ns

) = s
PRIes gty opuin Ubinguny gungnierarin
o SNSRI




IR 001

—— —

|
T =
|
| |
! [}
1

I
|
|

IR NN
i —
]
i

1 \JVE/ , Awu_.mn.j,,/ |
| :__-:“ﬂ.m.,. FITTTEEA TEREAEA

[
]
I
AN
7:
T
T
i
Pz
!
=<
!
B

0
Jod
14

.jjx T ---w,“. rf.ﬂ) : ,,-.._.,Ls.,iz.al- R - =

]

|

i

1

|

!

!
T4 #%
2

t

L
)
Nf\
mg
oxm
L~
!
|
|
{
)
|
{
t

AN

[l
==l A

(s8°€) T e
sely _ N sE

I

|- (L8'E) RN
It 4EE PR

e HHHI

Loy Lok WL/ oLsze NyS6)/ D%




'/ 3HNOI4 NI 4381505330 SI LYIWHOL NOILY.IN3S3Hd
JHL  'SIV13Q HO4 1X31 33S 'NOIlvidvd L1370IAVHLTN d3AH3S80
IH1L 40 SISATVYNY NI @3SN 3HIM S3AHND A31vINOIvO 3HL 'd31N3S3Hd
1ON 34V ANV NOILVAHOHNI H3IH1O HLIM LN31SISNOON!I 3HV d3sn
S3LvH JHL 1N8 ‘NMOHS OS1V 3V (S3NIT A3HSVYA) S3AEND A3LvINIIVO
114 1S38, IHL "S31140Hd IONVIAVH WNE'S GIHNSVIW 4O XIHLVYIN "€1 3HNDOIS

a|--l.,‘,,1:- -ﬁ
|
1 1 ARERERY AN
L AT
. A L T
- +1-F v brr ey
\ T 11 o) |-
| ,ﬁjJJJ CEEE L AR
- TEHEEE | PEH LT PR o
o) TR
. - t—f—4-- /
f R bbb LR LT
s i L PR
1 - 1 - AT (Er'E)
Il ]| A o el Aot ) - ERERE 1N
T 72 | NREnlin Shid |-
AR | I T
/ 1 1] 1,\11}jypww_uu\HHH o
o wz'e) ||| L\ RaufinR
Ig1d |- il (9Z°E) | |-+ Ht-

cx




0 TE R

TTTFr B an T~

1 - - -
lllll W-1-

=111 -

i
D
|
{

)i

oL A ;o \
ﬁ%_ﬂm: T _mww_
AARRRannns 1]

T
7

wuLLL) D422

/L



8¢€

"3 XIANIddVY NI NIAID 3HY
SAHOD3IY V.LVA 3TIVIS- 1IN "€1 IHNDI4 NI NMOHS S311404d 31V1S ANNOYD
g3LVvINOIVI IHL ANV S 318V.L NI NIAID SILVH NOILYLIOX3 DINOH10313
JHL 3SN (S3INIT g3IHSVA) S317140Hd d3LvINOIvO 3IHL  'S340Hd
JONVIAYH WNOEZ Q31VINDIVY ANV d3HNSVIW 40 XIHLVIN 1L 3HNOIS

-

!
I

[ EREL




XA

A

yF 4 7 ¢

AIAA-89-1918
Nonequilibrium UV Radiation and Kinetics

Behind Shock Waves in Air
W.H. Wurster, C.E. Treanor and M.J. Williams

Calspan-UB Research Center,
Buffalo, NY

AIAA 20th Fluid Dynamics, Plasma Dynamics
and Lasers Conference '
Buffalo, New York / June 12-14, 1989

R

SR

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics
370 L'Enfant Promenade, S.W., Washingtor, D.C. 20024




NONEQUILIBRIUM UV RADIATION AND KINETICS BEHIND SHOCK WAVES IN AIR*

W.H, Wurster®, C.E. Treanor** and M.J. Williams*#**
Calspan-UB Research Center
Buffalo, New York

Abstract

An experimental study is described whose
objectives include the quantitative measurement of the
ultraviolet radiation behind strong shock waves in air,
the identification of the radiating species and the
determination of the mechanisms and rates that govern
the emission. A shock tube was used to generate 3-4 km/s
shock waves through air and O2-N, mixtures at initial
pressures between 0.36-2.25 torr. The temporal gas-
radiance profiles recorded radiometrically exhibited
strong non-equilibrium overshoots, followed by decay to
steady-state equilibrium. The dependence of the peak
overshoot values on wave speed and pressure was
measured and shown to scale with density. Emission
spectra of the gas both in the overshoot region and the
equilibrium region showed the NO gamma band system
between 210 and 342 nm to be the dominant radiation
source. The role of O, Schumann-Runge radiation in
this region was also studied; in pure O, no overshoot
was recorded, Profiles of the measured air radiation
have been compared with computed profiles based on
translationa! and vibrationa! temperatures, and are shown
to be bracketted by these. Infrared vibronic emission
profiles were also measured and shown to be a description
of the NO concentration growth. Further kinetic studies
are presently ongoing.

1. Introduction

The motivation for this research centers upon the
capability to predict the ultraviolet radiation from the
bow shock of an ascending flight vehicle at velocities
between 3-4 km/s at altitudes between 49-60 km, 1t is
well known that the strongly heated air behind the bow
shock of a body moving at hypersonic velocity can give
rise to high radiative heating rates and to significant
radiative signatures. These effects are particularly
important to various aspects of reentry aerodynamics,
and much of present understanding is a result of intense
theoretica! and experimental efforts in this area that
were undertaken during the late 50's and early €0's. The
significance of each effect varies with altitude, velocity
and body configuration, and the capability to predict
these effects by computational modeling has been an
ongoing challenge, both in terms of the physical-chemical
mode) and in the availability of data for input parameters
and for comparison with predicitons., The major objective
of this study was to provide experimental data that
directly supports predictive computational modeling
efforts relating to non-equilibrium, bow-shock radiation,

Thc  non-equilibrium aspect of the radiative
signature arises from the fact that at higher altitudes
the decreased density and collision frequency of
molecules behind the shock front slows both the chemical
reactions that establish species concentrations and those
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that govern equipartition among internal energy states:
electronic, vibrationa! and rotational, Thus, under some
conditions there exist strong gradients behind the shock
front, consisting of species concentrations and excited
state populations far from equilibrium with the local (and
changing) translational temperature. To describe this
non-equilibrium and to predict its dependence on velocity
and altitude requires that the relevant kinetic rates and
mechanisms be known, 1[It is to those that relate to
ultraviolet and visible radiation that this investigation is
primarily directed.

In the more recent past, consideration of vehicles
such as the aeroassisted and aerobraked Orbital Transfer
Vehicles led to computer code developments that address
flow field %redictions at higher altitudes and velocities
(10 km/sM=3, Their application to the lower velocities
and altitudes of interest to the present problem is not
clear, owing to the widely different kinetic chemistry
involved. The need for an experimental data base over
the relevant velocity-altitude range constitutes the major
objective of these studies.

The most noteworthy and interesting difference
between early shock tube studies and those reported
herein lies in the newer instrumentation available today.
Most especially usefui were 2 multi-channe!, high-speed
digital data recording system, and an optical multichanne}
analyzer. This electronic spectrometer permitted short,
precisely synchronized exposures to be made with good
wavelength resolution.

The shock tube and the instrumentation is briefly
described below. Typical data and their calibration are
presented, together with a subsequent discussion of
results,

2._Experimental
Shock Tube

The shock tube employed in this research was used
in a number of radiation and chemical kinetic studies
over several decades.’”

A schematic diagram of the overall experiment is
shown in Figure 1, The steel driven section is 30 feet
long, 3-inch inside diameter. The driver section is 5
feet long, and was originally designed for operation at
15,000 psi using pure hydrogen as the driver gas. To
date on this program a maximum of 4,000 psi was used;
most tests only required 1,000 psi of H,, achieved by
means of press-scribed,  0.035-inch-thick  steel
diaphgrams. The routine double-diaphragm technique!
provided excellent run-to-run reproducibility in wave
speed (~1%) and radiation records.
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Fig. 1 Principal elements of the experiment.

Vacuum levels achieved using diffusion pumps with
cryogenically cooled traps were routinely in the 1075 torr
range with negligible leak/outgassing rates over the 15
minute pre-test gas loading interval. Initial test gas
pressures were measured to better than 1% with an MKS
Baratron unit, Scientific grade (99.999°) O, and N,
were used throughout, with H,O and CO, at less than
! ppm. After each test the tube was scrubbed with
alcohol.

Thin-film heat transfer gauges were used to record
shock arrival at seven sections along the tube. These
signals were differentiated and combined for digita!
recording. This record then provided a common time
line for al! subsequent measurements, as discussed in the
following section.

Instrumentation

An instrumentation station with four ports was
located about six feet from the end of the shock tube,
Figure 2 illustrates the four measurements that were
made at that station for the test results reported in this
paper. The primary quantitative measurements were
made using a radiometer comprising a UV-quartz window,
a IP28 photomultiplier tube, an interference filter (260
nm, 10 nm FWHAL, 15% transmission) and two slits to
define the optical beam to 3 mm maximum width, These
optical parameters were selected after a number of
exploratory tests were made to establish spectral purity,
and to assess signal strengths and spatial and temporal
radiance gradients. This radiometer was calibrated by
using an Optronics standard irradiance deterium arc lamp,
NBS traceable, In the calibration setup, a rotating mirror
of known reflectance provided a dynamic lamp scan using
the same time constant and slit-PMT  cathode
configuration as in the experiment. Calibrations slightly
overlapping the range of signal levels of the experiment
were made, but were limited by low lamp signals through
the narrow bandpass filter, Linearity of output over the

entire range was confirmed by using the detector
unfiltered in an inverse-square/distance set of
measurements.

An optical multichanne! analyzer (EG &G/PARC
OMA 3) was also deployed as shown, Its main function
was to provide emission spectra throughout the UV and
visible wavelength range, primarily to assess the spectro-
chemica! purity in the shock tube test gas, and to verify
the origin of the radiation recorded by the radiometers,
This instrument proved to be highly effective; its
operationa! feature of precise electronic shuttering

permitted spectra of both equilibrium and nonequilibrium
air radiation to be obtained. This instrument was not
calibrated absolutely, although the overall responsivity
as a function of wavelength was measured and taken into
account for each grating.

A HgCdTe detector-filter radiometer was also
deployed to measure the NO fundamental vibronic band
at 5 pm, to obtain data relevant to the NO vibrational
kinetics. The infrared signal-to-noise ratios were low,
but adequate radiance profiles were obtained and will be
discussed later,

An uncalibrated, wider bandpass, ]| mm-wide-beam
radiometer at 250 nm provided redundant, primarily
housekeeping, data.

HG CD TE DETECTOR
M

[}~~~

OPTICAL
ONM 1 82CM N _____ TICHANN
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Fig. 2 Instrumentation at the measurement station.

Finally, it should be noted that another radiometer
was deployed at a more downstream station in the shock
tube, Its filter at 307 nm was selected to monitor the
10, 0) transition of the OH (A-X) band system. Its purpose
was to monitor shock tube performance by recording the
passage of the reacting Hy-driver/air driven gas
interface. It thereby confirms the length (or duration)
of the shock-processed test gas "sfug”, which ranged from
40-100 microseconds.

The OMA was a completely self-contained system;
a computer was used for synchronization, exposure
control timing, data recording and processing. All
radiometer signals and the wavespeed data were fed to
a datalab, 8-channe! digital recorder with a 2 MH:z
sampling rate, This arrangement permitted all shock
tube test data to be correlated to within 0,5 microsecond
resolution; they included the radiometer outputs at two
gain settings, the wavespeed time-of-arrival pulses, and
a signal from the OMA that permitted the exact exposure
time-interva! of the spectrometer to be recorded,

3, Typical Data

This section will illustrate the nature of the
various data derived from the experiment, the techniques
used for data reduction and calibration, and how the
records have been interpreted.
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The wave speed data format comprises a series
of spikes that corresponds to shock arrival along about
half the shock tube length, The intervals between spikes
could be measured to 0.5 microseconds, from which a
plot like Figure 3 was generated for each run. A second-
order curve was then fitted to the data, and its slope
at the measurement station was taken as the shock wave
velocity for the test, The inputs for all shocked-gas
property calculations were the initial test-gas pressure,
the shock velocity and the ambient temperature.
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Fig. 3 Reduced wave speed data. Measurement
station at 2843 mm.

In Figure 4 are shown very careful tracings of the
raw-data radiance profiles obtained with the 2&{ nm
radiometer for two tests in air at the cited conditions,
For all conditions of interest, the overal] profiles were
similar, namely, a strong, rapidly rising overshoot region,
followed by a decay to a steady-state equilibrium. The
features of interest are the time-to-peak, peak signal
levels, the decay rate, and the signal levels at
equilibrium,

As will be shown below, this overshoot is
dominated by 200-320 nm emission from the gamma band
system of NO. The NO begins to form at the onset of
O, dissociation behind the shock front. Rapid NO
electronic excitation takes place, owing to the high
translational temperature immediately behind the shock
front. This temperature decays rapidly, as it is primarily
dominated by the O, dissociation rate. Thus, the
electronic excited state population is determined by a
number of competing and coupled kinetic processes,
whose result is the measured observables in Figure 4,
The chemical kinetic mechanisms and rates involved
constitute a major objective of this research.

One approach to this objective is to measure the
overshoot profiles over a broad range of N,/Op mixture
ratios, pressures anc temperatures. One example is
presented in Figure S, in which pure O, was used as the
test gas. In this case the radiation was shown to arise
from the Schumann-Runge band system of O,. The
striking difference in this profile is the lack of any
overshoot. This feature of O, is well understood®. It
results from a dominating radiationless depopulation path
of the excited state to atoms; and the atom density
increases monotomically, without an overshoot. This
feature is significant in the kinetics of the overshoot.
If the same O kinetics prevai! in air, then the role of
Q5 in the overshoot will be limited by its value in the
equilibrium region of the profile of Figure &,

A-3

Typical 5 pm infrared profiles are shown in
Figure 6, Three profiles were superimposed; all are at
initial air pressures of 2.25 torr, with shock velocities
at 3,22, 3.50 and 3,83 mm/ps. Despite the much lower
SNR, the comparisons show a definite trend of overshoot
behavior. The interpretation and role of the overshoot
is addressed in Section &,

The OMA has proven to be invafuable to this study
by providing emission spectra of the shock-heated gases.
Initially, broad wavelength coverage spectra were taken
to identify the dominant radiating species/bands, and to
assess overall system purity levels,
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Fig. 4 260 nm radiance profiles in air. (a) Initial pressure:
2.25 torr, shock velocity: 3.81 mm/us, (b) 2.25
torr, 3.50 mmj/us.
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Fig. 5 Typical 260 nm radiance profile in oxygen. Initial
pressure: 2 torr, shock velocity: 3.89 mm/us.
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Primary concern of spectral priority is the
verification that the quantitative signals measured by
the radiometers are indeed fromthe species of interest.
A typica! low-resolution spectrum of shock-heated air is
shown in Figure 7. In this case the spectrum was
integrated over 30 us during the equilibrium portion of
a profile such as in Figure 4(a), between 50-87 ps. For
the profile plots, time t = 0 is measured from a time-
of-arrival gauge located 73 mm ahead of the u-port
instrumentation section centerline,

The recorded spectrum clearly shows the band
structure of the NO gamma band system in both the
first and second order of the grating. No hydrocarbon
impurity bands are in evidence. To date, only the
ubiquitous Na D line and the 306.t nm band of the OH
(0, 0) A-X have been seen, The origin of the OH has
not been pursued; it is of variable signal strength, and
felt to arise from H,C on the walls of the tube. We
note that with hydrogen driven gas, combustion at the
interface occurs in every test, Fortunately, unambiguous,
quantitative radiometer measurements at wavelengths
below 280 nm can be made despite the trace OH presence,
To date, its role in kinetics or energetics has been
ignored,

The presence of O, radiation in the spectrum of
Figure 7 is clearly overw;selmed by the NO system. A
spectrum of shock-heated O, at higher resolution is shown
in Figure 8, As can be seen, the spectrum below 300

nm is fairly featureless, bemg made up of many’

overlapping bands. ldentiﬁcation of several most obvious
bands is given at longer wavelengths. The spectra of
Figures 7 and & can be compared with the computed
spectra of Figures 12 and 13,
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Fig. 7 Typical low-resolution spectrum of shock-heated
air in equilibrium at 38000K.
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Fig. 8 High resolution spectrum of oxygen in equilibrium
at 3380°K.

4. Results

Nonequilibrium Radiation

Velocity-Altitude Scaling

The nonequilibrium radiation from the shock-
heated gas was measured for a number of shock velocities
at each of three initial shock-tube pressure, The initial
air pressures of 2,25, 0.66 and 0.36 torr were chosen to
correspond to flight altitudes of 40, 50, and 55 km,
Lower pressures were avoided on the usual grounds of
difficulties with boundary layers, shock curvature, etc.

When the correspondence between the
nonequilibrium zone behind the shock wave in the tube
and that behind a blunt-bedy bow shock is examined,,10
it can be seen that the peak overshoot value is the most
critical factor in determining the radiation from the gas
cap. The region of the decay to equilibrium and the
equilibrium radiance are compressed, lie close to the
body, and are contained in the boundary layer.




The results of some 27 runs are plotted in Figure
9, in which the peak overshoot radiance values were
analyzed by the densities at the altitudes shown. The
direct scaling with density is readily apparent, as is the
factor of 100 in intensity over the velocity range shown,
To obtain the absolute radiance units, the signals from
the radiometer were directly ratioed to those from the
known D, standard lamp, with account taken of the shock
tube diameter and the optical throughput (area x
steradiance) of the radiometer, It should be mentioned
that the measurements shown are in-band, corresponding
to the 260 nm filter, In order to extrapolate these data
to other wavelength intervals, the relevant spectra of
NO and O, at the conditions of interest would need to
be considered. For this purpose the spectra derived with
the OMA were particularly significant,
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Fig. 9 Velocity and altitude dependence of the peak
overshoot value of the in-band volumetric air
radiance. Data normalized by density ratios.

Electronic State Kinetics

The ultimate goa' of the kinetics studies, both
theoretica! and experimental, is to determine the
mechanisms ancd rates for the population of the excited
NO/AY state. Except for the case of NO(AY formation
directly from N and O atoms, the most likely other
mechanisms involve collisions with the NO molecules
being formed behind the shockiront. The computationa!
aporoach taken to data is to use a kinetic code to

caiculate the formation of the ground state chemical
species first. This implies that excited electronic state
kinetics can be decoupled. This convenience then permits
separate interations on these mechanisms and rates,
without recalculation of all species concentrations.

The first step has been achieved by making use
of an updated version of Calspan's Kinetic Normal Shock
(KNS) code,]! redesigned to run on an IBM PC AT. It
computes the thermal and chemical relaxation of
mixtures of reacting gases behind normal shock waves,
The menu-driven program enables the user to produce a
convenient listing of selected parameters versus particle
time and distance on a file for printing and generate
plot files which may be viewed on the screen and/or
routed to a printer,

Table | presents a listing of the 1] reactions and
the rates used for the computations for air.

Table 1
REACTION RATE COEFFICIENTS

A ) Reacr2- ! RAaze Costa l v s

1 G+0 22040 N2 a0 (8 e (- AL emdimoe-se:
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An example of some results obtained with these
reaction rates is shown in Figure 10. Separately shown
are the translationa! and N, vibrational temperatures,
and the NO and O, concentrations behind the shock front.
In Figure 1) the computed excited (A} state population
of NO is plotted, assuming local equilibrium with each
of the temperatures, For clarity in comparing the
temporal features of the overshoots, the data were
normalized to unity peak values. Also shown is the
normalized radiometer record for the same conditions.
1t can be seen that the excitation rate is characterized
by a temperature intermediate to those shown,

Further efforts are presently underway to obtain
similar data over a broad range of O5/Ny mixture ratios,
and to use this extended data base in formulating the
operant mechanisms and rates that determine the
radiative overshoot profiles,

Infrared Vibrationa! Kinetics

The infrared radiation of NO in air has been
measured for a series of shock speeds and for an initial
shock-tube pressure of 2.25 torr. The emission results
are shown in Figure ¢ for three experiments spanning
this range. The spatial resolution of the optical system
is about 5 mm, or on the scale shown in Figure 6, about
}.b usec. Vibrationa! relaxation times for NO (in Argon)
range from 30 to 40 usecl2:13 (particle time) under these
conditions of temperature and pressure, and are probably
considerabJ‘ shorter in air (they are 50 times shorter in
pure NOTZ13y The laboratory time (the parameter used
in Figure €) is shorter than the particle time by a factor

A-5
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(c) 260 nm radiometer measured profile.
Same test conditions as for Fig. 10.

equal to the density ratio across the shock, which is
between 6 and 10 for these experiments, Thus, the
vibrationa! relaxation time of NO is of the order of
several microseconds in laboratory time, The observed
intensity is then proportional to the am ount of NO present
and to a weak function of the vibrational temperature
of the NC. For practical purposes the position of the
intensity maximum would be expected to occur close to
the maximum value of the NC concentration. The
measured times to maximum are in fact longer than
those calculated with the standard |l-reaction model
given in Table 1. The calculated NO maxima occur at
1.9 wsec, 7.8 wusec and 36.5 wsec for the experiments
shown in Figure 6, compared with experimental values
of about 8 wsec, 22 wsec and 48 wsec. One explaination
would be a slower-than-expected relaxation of NO
vibration. The slow decay of NO concentration at times
after the maximum is reached would account for the
final decay of the radiation,

Equilibrium Radiation

NQ and O, { Values

The time-dependent measurements of the radiation
at 260 nm, as shown in Figure 4, can be used to obtain
an equilibrium radiation value at Jong times, and these
can be compared with previous equilibrium experiments
by evaluation of the optical f values of the radiating
systems. The experimental data were reduced by using
a numerical calculation which approximates the spectra!l
distribution by replacing the actual vibrational-rotational
structure with a simple smoothed Q-branch structure (see
Figures 12 and 13)“‘, and performing a numerical integral
of the intensity multipled by the filter function. If the
calculation is performed for O, and NO, using { values
of unity and number densities of unity for each species,
reference values for the in-band radiation, [9q4 and Iy,
are obtained. The in-band radiation to be expected from
air would then be

Tar = Noz foz To2 + no fro Ino

1 .
o n 3'1'; foz * fno Do Eﬁ—)
02 foz No2 Toz

Since 19y and 19a, are known from the calculation,
and nu and nao are knov- from the equilibrium shock
calculation, the experimental value of 1,; divided by
nay 1°0g can be plotted vs “\'O‘oNO/"(‘?'oO%- The
intercept and siope of the straight line yield the T-values

'
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of O, and NCG., The values obtained from eleven
experiments in O, and air are oo = 0.052 and fn =
0.029! at a waveFength of 269 nm, as shown in Figure

146, The value for O, is somewhat lower than that suF-
gested by Keck et al!3 (0.075) or by Krindach et atlé
(0.09) for this wavelength. The NC value is consistent
with the values given by Schadeel”,
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KINETICS OF UV PRODUCTION BEHIND SHOCK WAVES IN AIR*

W.H. Wurster®, C.E. Treanor*®, and M.). Williams***
Caispan-UB Research Center
Buffalo, New York

Abstract

In a series of shock-tube experiments, the
time-dependent ultraviolet radiation behind the
shock wave has been measured for various O,/N,
mixtures and for a range of shock velocities from
3.24 to 3.86 mm/usec. From the equilibrium portion
of the experiments, the values of the squared transi-
tion moment for the O, Schumann-Runge and the
NO Gamma band systems were measured at 230 nm
tobe IR I3z = 1.5 a.u. and IR,I?y =0.21 a.u. For the

nonequilibrium region directly behind the shork,
calibrated time histories of NO Gamma radiation a:e
presented. The kinetic mechanisms governing this
nonequilibrium radiation have been investigated, but
values for specific rate constants have not yet been
determined. Concurrent infrared measurements
which viewed the NO IR system at 1850 cm -1 show
agreement with calculated NO equilibrium values,
but did not have the time resolution to follow the
details of the nonequilibrium emission. Plans for im-
proved instrumentation and further measurements
are described.

1._Introduction

This paper describes the latest results of an on-
going research program whose motivation centers
upon the capability to predict the ultraviolet radia-
tion from the bow shock of a vehicle ascending be-
tween 40-60 km at velocities between 3-4 km/s.
The objectives of the program include providing
quantitative measurements in support of a sounding
rocket flight experiment, the identification of the ra-
diating species, and the dependence of the radiation
on altitude and velocity. In addition, basic data are
being acquired in support of modelling this non-
equilibrium radiation.

The non-equilibrium aspect of the radiative
signature arises from the fact that at higher altitudes
the decreased density and collision frequency of
molecules behind the shock front slows both the
chemical reactions that establish species concentra-
tions and those that govern equipartition among in-
ternal energy states: electronic, vibrational and
rotational. Thus, under some conditions there exist

strong gradients behind the shock front, consisting of
species concentrations and excited state populations
far from equilibrium with the local (and changing)
translational temperature. To describe this non-
equilibrium and to predict its dependence on veloc-
ity and ahitude requires that the relevant kinetic
rates and mechanisms be known. It is to those that
relate to ultraviolet and visible radiation that this in-
vestigation is primarily directed.

A description of the shock tube experiment
and early results have been presented in Reference
1. They will be very briefly discussed below, for
overall completeness. New instrumentation and an
extension of the range of measurements are next de-
scribed. They provide an extensive data base whose
analysis is underway, with the goal of providing a
model] to describe the electronic state kinetics that
govern the nonequilibrium ultraviolet radiation from
shock-heated air. The results to date of these ongo-
ing analyses are discussed, and present plans to com-
plete the program are outlined.

2. Review of Previous Work

It is especially convenient that the flight condi-
tions of interest, namely, shock velocities of 3-4
km/s at altitudes above 40 km (2.25 torr) can be
exactly duplicated in a shock tube. Thus, the meas-
urement of the radiation profile as the shock-heated
air passes a given station can be readily and simulta-
neously achieved for a number of wavelengths and
with different instruments. Further, it can be shown
that a profile measured in the shock tabe can be
transformed to that behind the bow shock wave. The
use of this “correspondence” then permits the direct
use of the shock data to predict the radiation ema-

" nating from the bow shock.

Figure 1 depicts the major elements of the
shock tube and instrumentation used in the experi-
ments, and which are described in detail in Refer-
ence 1.

Basically, the radiation from the incident-
shock-heated gas is viewed through four windows at
the same station in the shock tube. Radiometers in
the UV and IR provide temporally resolved profiles,

* Supporied by SDIO-IST and managed by the Army Research Office

*  Swaff Scientist, AIAA Senior Member
** CUBRC Consultant and AIAA Feliow
®**Research Scientist

Copyright ©1990 American Institute of Aeronautics and Astronautics, Inc. All rights reserved.

B-1




VACUUM & VACUUM &
HIGH PRESSURE TEST GAS
LOADING LOADING
SYSTEM SYSTEM

WAVESPEED MEASUREMENTY SYSTEM

L

DRIVER
SECTION

DRIVEN SECTION

AIR
RADIANCE

4-PORT OPTICAL
MEASUREMENT
STATION

AT 10 y sec RESOLUTION

ANALYSER

9-CHANNEL
OIGITAL TRANSIENT
USED RECORDER

0.5 usec RESOLUTION

Y

SPECTRA

&

UV AND IR RADIOMETRIC
TEMPORAL PROFILE

U

AR
RADIANCE
LEVELS

WAVELENGTH TIME

Fig. 1 Principal slements of the shock tube radiation experiment.

while the electronic spectrometer provides UV-vis-
ible spectra recorded over selected time intervals.
Wave speed and radiometric data are simultaneously
recorded and synchronized via a digital transient re-
corder.

Examples of typical radiation profiles obtained
with a radiometer at 260 nm are presented in Fig-
ures 2(a) and 2(b), for the test conditions shown.
For all conditions of interest, the overall profiles
were similar, namely, a strong, rapidly rising over-
shoot region, followed by a decay to a steady-state
equilibrium. The features of interest are the time-
to-peak, peak signal levels, the decay rate, and the
signal levels at equilibrium.

As will be shown below, this overshoot is domi-
nated by 200-320 nm emission from the Gamma
band system of NO. The NO begins to form at the
onset of O, dissociation behind the shock front.
Rapid NO electronic excitation takes place, owing to
the high translational temperature immediately be-
hind the shock front. This temperature decays rap-
idly, as it is primarily dominated by the O,
dissociation rate. Thus, the electronic excited state
population is determined by a number of competing
and coupled kinetic processes, resulting in the meas-

ured observables in Figure 2. The chemical kinetic
mechanisms and rates involved constitute a major
objective of this research.

In contrast, tests in pure oxygen result in pro-
files such as that of Figure 2(c). This lack of over-
shoot is significant to these kinetic studies and will
be addressed in detail in a later section.

As shown in Figure 1, an optical multichannel
analyzer (OMA) was also deployed at a window at
the same shock tube stations. This instrument could
be gated to obtain spectra over selected time inter-
vals behind the incident shock wave. Typical spectra
are shown in Figure 3 where the results of a pure
oxygen test are superimposed on that of air. The
band structure of the NO Gamma system is clearly
identified, and can be seen to override a base of O,
Schumann-Runge bands.

By conducting a series of tests in air under
various initial shock-tube pressures and shock ve-
locities, the in-band, volumetric radiance of the
peak radiation was quantitatively measured and the
results reported in Reference 1. The peak intensity
was found to scale directly with altitude and was
shown to have a very strong velocity dependence.
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. _Present Experiments

The earlier measurements described above
served to establish the identification of the species
and bands contributing to the non~-equilibrium ultra-
violet radiation from shock-heated air, and to meas-
ure quantitatively the dependence of this radiation
on alitude and shock velocity.! The goals of the re-
cent studies primarily address the kinetic mecha-
nisms and rates that populate the relevant electronic
states and subsequently govern the radiation profile.
These studies involved (a) the implementation of an-
other ultraviolet radiometer with higher spatial reso-
lution and with enhanced sensitivity, (b) a series of
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Fig. 3 Superimposed spectra of
shock~heated alr (upper trace) and
pure oxygen. See Ref. 1 for detalls.

measurements in which the post-shock densities of
NO and O, (and the concomitant temperature gradi-
ents) were varied over a broad range for an ex-
tended kinetic data set, (c) a final analysis of the
equilibrium NO and O, radiation characteristics, and
(d) the development of a computational electronic
state excitation model, which, in conjunction with
the kinetic data set, aims to provide a predictive ca-
pability for the non-equilibrium UV radiation.
These program elements will be addressed in the
balance of the paper.

Ihe 230 nm Radiometer

As mentioned above, the design of this instru-
ment sought to achieve higher spatial resolution of
the field-of-view (FOV) across the shock tube, as
well as enhanced sensitivity. The design components
are illustrated in Figure 4. The uniform FOV across
the tube is achieved by having the aperture stop and
the image of the field stop equal, at 1 x 8§ mm. At
this 1 mm beam width, the 0.5 microsecond digital
sampling time sets the overall ideal resolution of
2mm (at 4 mm/us). Recent analyses have indicated
that the overall resolution may be as low as 3-4 mm,
which would be inadequate for high velocity, high-
gradient shock radiation profiles and it is planned to
establish this FOV in separate measurements.

Another effect is noted, whereby light from the
advancing shock, when close to, but still outside, the
FOV, can scatter (and produce signal) from any
scratch or imperfection in the quartz window or lens,
or from the razor-blade slit edges. This effect is
manifested in the small pre~-shock “foot™ seen in
most records.

Enhanced sensitivity was attained by having a

larger optical throughput (cm?-sr) than before, and
in using a wider UV filier to capture more of the
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stronger NO Gamma bands. Figure 5 presents the
relative filter functions of the 230 nm and the older
260 nm radiometer. Comparison with the spectra of
Figure 3 illustrates the molecular bands subtended
by each of the filters.

Absolute calibration was achieved in the same
manner described in Reference 1, in which an NBS-
traceable, standard deuterium irradiance source is
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deployed. System linearity is confirmed by inverse-
square-distance measurements. The maximum pos-
sible error in the calibration is 15%, although
self-consistency tests with the data and ancillary
measurements indicate that a probable error near
10% is more appropriate.

The Kinetics Dara S

Directly behind the incident shock wave the
translational temperature can attain values near
6000 K which immediately fall as the O, dissociates.
NO begins to form as soon as O atoms become avail-
able, and the excited NO (A) state becomes popu-
lated as it seeks to equilibrate with the decreasing
temperature. To aid in elucidating these coupled
phenomena, a set of shock tube conditions was se-
lected which sought to separate and emphasize these
effects. The shock tube is ideally suited to such stud-
jes, inasmuch as the capability for processing pre-
cisely controlled mixtures can be exploited. In this
case, a number of No-O, mixtures were used, with
initial pressures of 5.0, 2.25 and 1.0 torr, and with
shock velocities between 3 and 4 mm/us. The largest
excursion in the post-shock NO/O, ratio was sought,
to provide the broadest~range kinetic data set.

A set of such radiation profiles measured with
the 230 nm radiometer is shown in Figure 6, for the
test conditions cited thereon. The broad variation of
the radiation profiles attests to the parametric
changes among the various tests and to the useful-
ness of the data set for studies of excited state ki-
netic populations.

Also shown in the figures are the profiles that
result when the calculated O, Schumann-Runge
contribution has been subtracted, as described later.
Predicting these resultant NO Gamma band profiles
is the challenge for any scheme that addresses the
kinetics of the NO(A) state.

Zest Time

The test time expected in the shock tube can
be calculated from Mirels’ laminar theory, which ap-
plies to all the results reported herein. For the time-
histories shown in Figure 6, where the initial
shock-tube pressure for all cases was 2.25 torr, the
calculated test time decreases from 145 usec for a
shock velocity of 3.24 mm/usec to 105 psec at 3.86
mm/usec. The observed test times, as determined
from the termination of the radiation plateau in Fig-
ure 6, are somewhat greater than half this value,
which is consistent with usual shock-~tube experi-
ence. The sensitivity of the UV radiation is such that
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a drop in temperature of 100 K decreases the radia-
tion by a factor of 2.

4. Analvsis of the Results
Equilibrium Ultraviole: Radiati

To calculate the contribution at wave number
w of the equilibrium spectral radiation from a given
(v',v") band, a simple smoothed Q-branch structure
was used?

Tyrve (w)=3.20x 1072 R qyry» ny,

- /T
-

‘Ce-c w4l 3watts —
Q V)u cm” sr cm
where
lRel2 = squared transition moment (atomic
units)
Qy‘y~ = Franck-Condon factor
n, = number density in the excited elec-
tronic state (molecules/cm?)
Eyv = energy of vibrational state v’
Q) = vibrational partition function of upper
Viu electronic state
Be"
C = B -B. * XT (cm)
Wo = bandhead wavenumber (cm™!)

and B’ and B" are the rotational spectroscopic con-
stants for the upper and lower electronic states. The
dependence of B on v was not included in the calcu-
lation.

The total spectral radiance I{w) was obtained
by summing these expressions over all v',v”, yielding
spectra for the NO gamma and O, Schumann-Runge
systems as shown in Reference 1. The radiation that
should be measured by the calibrated detector was
calculated as

S =j [lNo-y (w) + 1o, s-R (u)] F(w)D(w)dw (2)
o

where F(w) is the filter transmission function and
D(w) is the detector response function.

Among the many experimental radiance pro-
files obtained from shocks of varying velocity into
pure oxygen and three mixtures of O, and N, there
were a number that attained equilibrium within the
available test time. For each such case Figure 7
shows the equilibrium value of the experimental ra-
diance integral S for the 260 nm filter, plotted
sgainst the calculated value. Squared transition mo-
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Fig. 7 Measured and caiculated values of the
260 nm equilibrium radiance from
three O,/N; mixtures.

ments |[R R were chosen for the NO Gamma and O,
S-R to supply the best agreement, and are shown in
the figures. These values are about 35% higher than
those reported in preliminary resulis', and are con-
sistent with accepted values for the two systems. The
data include results for the four different O,/N; mix-
tures, and a range of shock speeds from 3.21 mm/
psec to 4.30 mm/psec.

Figure 8 is a similar plot for the 230 nm filter
data (available only for the more recent experi-
ments). For this filter, the use of a slightly different
set of |RoPR values (as shown in the figure) appeared
to improve the fit.

The estimated precision in the shock-velocity
measurements is £0.2%, which corresponds to a
temperature accuracy of about £0.2%. This can re-
sult in a variation in the calculated radiance of about
45%. The ability to read the experimental values of
the radiance results in an uncertainty of about $3%.
The probable error in the calibration constant is
110%.

Non=Equilibrium Ulizaviolet Radiati

A time-dependent record of the 230 nm and
260 nm radiation behind the shock wave was ob-
tained for four N,/O; mixrures (% O; = 100, 40,
22.3, 5) and for a range of velocities from 3.24 to
3.86 mm/usec. The temporal resolution of the re-
cords is estimated to be between 0.5 to 1.0 usec.
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To analyze the nonequilibrium radiation, it is
necessary to separate the amounts arising from the
O, $-R and the NO Gamma. The time-dependent
experimental values of § for the pure oxygen experi-
ments do not show a radiation overshoot (Figure 2),
but rise quickly to steady-state value. This feature
was observed in work at Avco® in the late 1950's,
and attributed to the rapid predissociation of the
oxygen excited B state. Thus the B state remains in
local thermodynamic equilibrium with the oxygen
atom population, so that the number of O, mole-
cules/cm? in the B state is given by

n
1 0,(B) 2
n =]— =
oso () 57)

2 “LTE
2
n —e-2239/T
Do {1.765 e-71.019/T [1-e
K 1-3-990/1'

(1.455 -14x107 'r)} ®)

where K is the equilibrium constant for the reaction
and the last factor in the equation is an approximate
representation (appropriate over the range 3000 to
7000 K) of the required correction® to the rigid-ro-
tator simple-harmonic-~oscillator model. The O, ra-
diation is taken to be proportional to Ny, (B)+ 85
determined from the equilibrium measurements.

We have assumed that the O, S-R system fol-
fows the same behavior in the radiation from N,/O;
mixtures, with the O,(B) state staying in local equi-
librium with the oxygen atom concentration at the
translational temperature. The oxygen atom concen-
tration behind the shock was caiculated from a
normal-shock nonequilibrium code®', and this
population was used to determine the B state partici-
pation in the observed radiation. This amount of
radiation was subtracted from the total observed,
and the remainder was attributed to the NO Gamma
system.

In the results shown in Figure 6, the total ra-
diation and the portion attributed to NO Gamma are
shown. These graphs of the NO radiation provide a
record of the population of the NO(A) state as a
function of time.

The NO(A) state could be produced either di-
rectly or by transfer from the metastable Np(A)
state. Several reports®7 have speculated on the pos-
sible candidate reactions for both NO(A) and Na(A)
production. The reactions that are considered likely
for direct production of the NO(A) state are the
electron collisional excitation of NO(X) and the re-
combination of N and O into the NO(A) state. The
electron density in the present experiments is very
low, so that the first reaction cannot be considered
as likely. The recombination reaction does not pro-
duce an overshoot, and so will not supply the ob-
served profiles. Heavy-body collisional excitation,
either of NO(A) directly or of Na(A) followed by
transfer to NO(A), will give overshoots of the type
that have been observed in these experiments. How-
ever, no definitive set of rates that will describe the
experimental results shown in Figure 6 has yet been
determined.

We have begun the design of an LIF technique
to monitor the production of the metastable Npy(A)
state. Near-IR absorption into the N,(B) state with
observation of subsequent First Positive band emis-
sion is planned. A direct comparison of the Na(A)
and NO(A) state profiles will provide a significant,
complementary aid in studying these complex excita-
tion kinetics.

The infrared radiation from the shock-heated
gas was measured using 3 HgCdTe detector and a
narrow-bandpass filter with constant transmission
from 1749 em-1 to 1954 cm-1, allowing good re-
sponse for the NO fundamental IR band, which is
centered at 1850 cm -1. The sensitivity of the detec-
tor was assumed constant over this spectral range.
The measured signals contained an appreciable
amount of noise, but for many conditions a plateau




region was reached where a final signal value could
be determined. An example is shown in Figure 9.
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Fig. 8 Measured infrared radiation with
equilibrium plateau.
Initial shock tube pressure: 5.00 torr
Shock velocity: 3.42 mm/us.

The strength of the signal to be expected can
be obtained by calculating the radiance of a single,
v, J'; v”.J" transition, and summing these values
over all the lines within the filter bandpass. The re-
sulting signal strength is less dependent on tempera-
ture than is the total band radiance, because at
higher temperatures a larger portion of the band is
outside the range of the filter. This calculated sighal
strength can be written as:

n
Sir = A= L {790 + 0.25 (T-3000)
L i
-2.5x 107(T-3000) 2} (4)

over the temperature range 3000 to 5000 K, where

4 = pathlength = 7.62 cm
n; = 2.689x10 19 molecules/cm 3

and nyo is the number density of NO molecules.

A is a calibration constant for the system which was
not determined. However, the consistency of the
data can be shown by matching the calcu’ated results
to a single datum point and using this constant for
the other points. The resulting piot for all experi-
ments that clearly reached an equilibrium plateau is
shown in Figure 10. The variations shown are consis-
tent with the noise level of the infrared signal.
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Fig. 10 Measured and caiculated values of the
oquilibrium Infrared radiation from two
OZINz mixtures.

Non-Equilibrium Infrared Radiati

Three examples of time-dependent infrared
signals are shown in Figure 11. These examples are
from the runs for which the 230 nm radiation is
shown in Figure 6. The expected signal is shown by
the smooth curves, which are calculated using equa-
tion (4) and values of nyo and T determined by
the normal~shock calculation ', scaled to the equi-
librium value (Figure 10).

The lack of spatial resolution in the infrared
measurements is demonstrated by the inability of the
system to follow the calculated radiation overshoot,
and by the sizable “foot™ generated before arrival of
the shock wave at t = 0. With this poor resolution it
would also be expected that internal reflections in
the shock tube might contribute to the resolution
problem. However, further narrowing of the optical
beam led to an unacceptable increase in signal noise.

To address this problem, a new infrared radi-
ometer has been designed and installed in the shock
tube. It utilizes an indium antimonide detector,
which, despite the response roll-off at 5.5 um, still
provides a factor of 10 gain in overall SNR over that
of the HgCdTe detector deployed previously. In ad-
dition, the spatial resolution has been enhanced by
means of appropriate slits and CaF; lenses. An ex-
tended range of IR measurements at higher SNR is
anticipated for future tests.
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&_Summary

Calculated predictions of non-equilibrium ul-
traviolet radiation from the bow shock of hypersonic
vehicles depends critically on relevant experimental
data, which comprise the major goal of these studies.
Earlier work led to the identification of the radiating
species and to the velocity and altitude dependence
of the UV radiances.

Further experimentation is reported that ad-
dresses the kinetics of the relevant electronic states.
In particular, an extensive kinetic data set has been
obtained, over which the NO and O; post-shock
densities have been broadly varied. A computational
model has been developed, involving the reactions
and rates for excited state populations. Iterative
comparative efforts are now underway to reconcile
the calculated and measured nonequilibrium radia-
tion profiles.

Equilibrated radiance levels for some cases
permitted an evaluation of the NO Gamma and O,
Schumann-Runge transition moments, from which
their relative contributions to air radiation were de-
termined. Similarly, equilibrium infrared measure-
ments were used to establish that the NO
fundamental band sequence provided a guantitative
measure of the NO concentration. Additional and
improved diagnostics are planned to record further
observables for the study of these kinetic, radiative
processes.
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Full-Scale Records of Data in Figure 7
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APPENDIX D
IR SPECTRAL ANALYSIS

This appendix presents a summary of the equations that were used in the analysis on the
equilibrium IR radiation from nitric oxide, and applies them to the results obtained in the current
experime *s. The equations are discussed in detail in References 7 and 13.

The wave numbers of the rotational-vibrational lines in the P, Q, and R branches are given

by

D-1) 'IJP =‘l7v, —2.(:5"+1)Bc —OCC):(J#l)Q'—z(J'H) v! —(J J=1,2,3, . ..
D'Z) 7]Q = 7]\/{ "“e (J{l‘(‘J'-'> J=],2,3, .
D-3) Th=Vp +2T'8, K, ( g 25 =1) J=2,3.4, ...

for a transition from the v'J’ state. The wavenumber 7)\/' is given by

- ( (2 _ 2 _
D-4) 'l),,, = We =2V WeXe +3.25 V WeYe —Eq04.03 - (27.9) v'-(0.0039) v* ] en!
The constants for the NO molecule are:

Be=1.7046 cm-! and  Xe=0.0178 cm-!

The intensities of the lines are given by

- I [Be-% (v )] Gy
kT -

2. '
_ (T 423V CemV kT

_ L7y I'<(I[Be~% (vii)] __Gv/

_ 4 2J l+l Ce"\ \/,'. ‘QT . T
p-e) L= % (5(5,“)) S On & e
2 .
4 J}-l \ Corn V! _ [T +J-I]LBQ‘«e (v +£)J Qv
D-7) IQ* 1)R< T/ Q. Cn c kT e RT

WA TT/HOLECULE -SR

1




and k=0.695 cm-1K-1, Cep, is the emission constant for the NO band system and a value of
Cem=2.97£0.54 x 10-33 watts cm*/molecule -sr was reported in References 7 and 13.

The partition functions are approxmiated as

RT

D8 QR = B ety (v 1y
and ¥}

D9 Q= ((—e "RT_

The total in-band radiation measured is then calculated as
D10) R=" L2 [ I, Fypt IoFpa+ LeFya] wattsfem=sr

where Fy is the combined filter-detector response at wavenumber ) , as described in Section 3.2,
M No is the number density of NO molecules (molecules/cm3) and fis the diameter of the shock
tube, 7.62 cm. The values of Fy were taken as constants over specified wavenumber intervals, as

given in Table D-1.

Wavenumber Interval (cm'l) Average Response
Fy

17241 -eeee- 1773.0 0.00445
1773.0  -eeee- 1793.7 0.0311
1793.7  -eeee- 1816.5 0.11565
1816.5  ----e- 1839.9 0.2975
18399  ---ee- 1863.9 0.515
1863.9  --eee 1888.6 0.7105
1888.6 ------ 1913.9 0.8175
19139 -eeee- 1938.0 0.851
1938.0  ------ 1964.6 0.8815
1964.6 ------ 1992.0 0.7615
19920  -eeee- 2020.2 0.395
2020.2 -eeee 2049.2 0.0864
2049.2 -eeee- 2079.0 0.0089

TABLE D-1. FILTER-DETECTOR RESPONSE

-2




LY ¥

The values of Fy are relative numbers, and are the same values used in the calibration of the
system. As shown in Figure 4, this calibration yields the relation

-4
D-11) S= 1.04x10 V  w/em=.sR

where S is the in-band radiation, [IggFydV, and 'V is the number of millivolts measured by the
detector.

The values obtained for the calculation indicated in Eqn. D-10 are shown in Table D-2,
calculated for three temperatures covering the range of interest in the present experiments.

T (°K) R/ﬂ,,! Cem
3000 3.507 x 1012
4000 4.755 x 1012
5000 5.758 x 1012

TABLE D-2. CALCULATED RADIATION INTEGRALS

These values of R/anCem can be expressed as

(2 -4
D-12) ___S___. = ‘F(T)= 3.507 * |0 [l-ra.ztxlo (T-3oooﬂ
nquCem

Tuming now to the experimental results for the infrared measurements with NO, the value
of S for each experiment is obtained from the number of millivolts measured at equilibrium, by
using Equation D-11. Using £ = 7.62 cm, the value of S/£ [1+3.21 x 10-4T-3000)] is plotted in
Figure D-1 vs. nNo. According to Equation D-12 this should yield a straight line with slope equal
t0 3.506 x 1012 C¢p,. From Figure D-1 a value of Ceyy, is obtained as

Cem = 3.66 x 10-33 watts cm%/molecule - sr

slightly higher than the value quoted in References 7 and 13.

p-3
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FIGURE D-1. EQUILIBRIUM INFRARED RADIATION INTENSITY DIVIDED
TEMPERATURE SCALING FACTOR
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APPENDIX E

Full-Scale Records of Data in Figure 14
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